
I 

” .- 

’ L A  

N A S A  TEChNlCa’L*- 
MEMORANDUM 

N.4S4 TIM X-53314 
-. 

August 4 ,  5965 

S I Z E  A N D  D U R A T I O N  O F  F I R E B A L L S  FROM 
P R O P E L L A N T  E X P L O S I O N S  

by J. B. GAY333 AND J. W. BRANSFORD 
Propulsion and Vehicle Engineering Labratory 

GPO PRICE $ - 
NASA 

George C. Marshdl 
Space Flight Centev, 
Huntsvzlle, AldbGrna 

CSFTI PRICE(S) $ - 
Hard copy (HC) 

Microfiche (MF) 

ff 663 Julv 85 



August 4 ,  1965 

SIZE AND DUEATIOE OF FIREBALLS FROM 
PROPELLANT EXPLOSIONS 

George C .  Marshall Space F l i g h t  Center 
Hun t sv i l l e ,  Alabama 

ABSTRACT 
.p,,;25-3 

Data from t e s t s  and v e h i c l e  inc idents  have been compiled and 
analyzed wi th  r e s p e c t  t o  f i r e b a l l  diameters and dura t ions .  
v a r i a b l e s  were found t o  be dependent on rhe cube root of the  weight 
of the  combined p rope l l an t s  and independent of the p a r t i c u l a r  
p r o p e l l a n t  combination. 
dependent on the cube root of the  ambient pressures .  

Both 

F i r e b a l l  diameters also appear t o  be roughly 
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SIZE AND DURATION OF FIREBALLS FROM 
PROPELLANT EXPLOSI.0NS 

By J .  B. Gayle and J .  W. Bransford 
George C .  Marshall Space F l i g h t  Center 

/ SUMMARY 

L i t e r a t u r e  da ta  and photographic f i lm  f o r  t e s t s  and i n c i d e n t s  
involving var ious  propel. lant combinations and a l s o  high explos ives  
have been analyzed wi th  r e spec t  t o  f i r e b a l l  diameters and du ra t ions .  
The r e s u l t s  ind ica ted  t h a t  f i r e b a l l  diameters are highly dependent on 
the cube r o o t  of p rope l l an t  weight and independent of the  p a r t i c u l a r  
p rope l l an t  Combination. Attempts t o  t r e a t  the  problem t h e o r e t i c a l l y  
ind ica ted  t h a t  f i r e b a l l  diameters probably are 'dependent a l s o  on the 
cube r o o t  of ambient pressure .  The s c a t t e r  of the  drita about a 
f i t t e d  curve corresponded t o  a standard e r r o r  of approximately 30 
percent .  
of s c a t t e r  bu t  a l s o  ind ica t ed  a dependence on the  cube r o o t  of 
p rope l l an t  weight. 

Data f o r  f i r e b a l l  dura t ions  exhib i ted  a much g r e a t a r  degree 

INTRODUCPIJN 

The development of l a rge  launch veh ic l e s ,  p a r t i c u l a r l y  those  
employing new high energy p rope i l an t  combinations, has  r e s u l t e d  i n  
major problems i n  the  s i t i n g  of t e s t  s tands and launch pads. A number 
of i n v e s t i g a t i o n s  a r e  being made under th,! d i r e c t i o n  of rhe Nat ional  
Aeronaut ics  and Space Administraticn/Marshall  Space F l i g h t  Center  
(NASA/MSFC) t o  provide comprehensive information regard ing  the  b l a s t  
hazards of l i q u i d  propellaii ts .  Xesults of these  i n v e s t i g a t i o n s  have 
ind ica ted  t h a t  f o r  some inc iden t s  a s i g n i f i c a n t  proport ion of t he  
p rope l l an t s  may e n t e r  i n t o  detonat ion type r e a c t i o n s .  I n  these  cases ,  
the g r e a t e s t  hazards to  ad jacent  f a c i l i t i e s  and/or personnel a r e  those 
a s soc ia t ed  wi th  the b l a s t  waves and with f l y i n g  d e b r i s .  However, f o r  
o the r  i n c i d e n t s ,  the p rope l l an t s  may undergo almost exc lus ive ly  d e f l a -  
g r a t i o n  type r e a c t i o n s .  In  these  cases ,  the  g r e a t e s t  hazards t o  
f a c i l i t i e s  and/or personnel a r e  tho:,e a s soc ia t ed  w i t h  the  f i r e b a l l s .  
For the r a t t e r  type of i nc iden t s ,  i t  is of p a r t i c u l a r  importance to  
d r f i n e  the  thermal environment f o r  propel lan t  explosions a s  c l o s e l y  a s  
poss ib l e .  
ca ted  ins t rumenta t ion  i s  being used i n  connection wi th  P r o j e c t  Pyro, 
which is  a study of the  b l a s t  hazards of l i q u i d  p r o p e l l a n t s  being made 
by the  United S t a t e s  A i r  Force Rocket Propulsion Laboratory under the 
d i r e c t i o n  of MSFC (Government Order H-61465). Thermal i .nstrumentation 

To ob ta in  q u a n t i t a t i v e  information on t h i s  problem, s o p h i s t i -  
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a l s o  is being i n s t a l l e d  on some of the launch pads a t  Cape Kennedy. 
However, the  r e s u l t s  of these  s tud ies  w i l l  no t  be a v a i l a b l e  u n t i l  some 
fu tu re  da te .  

This r epor t  p re sen t s  the r e s u l t s  of a prel iminary inves t iga t ion  
t h a t  was undertaken t o  assemble ana eva lua te  da t a  which a r e  c u r r e n t l y  
ava i l ab le  and which can be used fo r  p red ic t ing  t:.? s i z e  and dura t ion  of 
f i r e b a l l s  r e s u l t i n g  from catastrophes involving va r ious  l i qu id  p rope l l an t  
combinations. 

FUlSULTS 

E.or the  purposes of t h i s  i nves t iga t ion ,  f i r e b a l l  diameters and 
dura t ions  were obtained e i t h e r  from the  l i t e r a t u r e  o r  by reduct ion of 
photographic record6 of var ious  t e s t s  and inc iden t s .  A l l  data  used for 
t h i s  s tudy are included i n  the Appendix. I n  those ins tances  where the  
f i r e b a l l s  were margedly assymetr ical ,  a t tempts  were made t o  es t imate  
equiva len t  sphe r i ca l  diameters.  However, the study was made d i f f i c u l t  
by the f a c t  t h a t  t he  camera locat ions were no t  always p rec i se ly  known; 
the re fo re ,  adequate re ference  points  were not always ava i l ab le .  Also,  
the r e s u i t s  probably were influenced by v a r i a t i o n s  i n  framing speed, 
type of f i l m ,  and method of development. 

RP-l/LOX 

Data were obtaincd fo r  47 tests and inc iden t s  ranging from 10 t o  
250,000 pounds of combined propel lan ts  wi th  f u e l  t o  oxid izer  r a t i o s  
rangirrg from 1:1.5 t o  1:3.5. 
coord ina tes  i n  FIG 1. 
f i t t e d  t o  the data  by the method of least  squares .  
t h i s  l i n e  is 

The data are p lo t t ed  oil logari thmic 
Also included i n  the f i g u r e  i s  a s t r a i g h t  l i n e  

The equation 02 

* c I  = 0.316 
Y 10.05w (Equation 1) 

where D =: f i r e b a l l  diameter ( f t . )  and W = t o t a l  p rope l lan t  weight: ( l b s . ) .  
The s tandard  e r r o r  of t he  exponent is 0.015. The standard e r r o r  f o r  
f i r e b a l l  diameters ca l cu la t ed  wi th  Equation i i s  0.1088 expressed i n  
log u n i t s .  This corresponds t o  a standard e r r o r  of approximately 28 
percent  of the  ca l cu la t ed  f i r e b a l l  diameters.  

LH2 /LOX 

Data were obtained f o r  23 t e s t s  and one inc ideut .  For the tests, 

The s i n g l e  i nc iden t  involved 1@0,000 pounds 
the combined propel lan t  weights ranged from 3 t o  225 pounds with a f u e l  
t o  ox id ize r  r a t i o  of 1:5. 
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of LH2/LOX with a f u e l  t o  oxidizer  r a t i o  of 1:5. 
i n  FIG 2. The equation of the s t r a i g h t  l i n e  f i t t e d  t o  the data  i s  

The data  a r e  p lo t t ed  

D = 11.05W 0.306 (Equation 2) 

The standard e r r o r  of the  exponent is 0.032, and the standard e r r o r  f o r  
f i r e b a l l  diameters ca lcu la ted  with Equation 2 corresponds to  approxi- 
Lnately 33 percent.  

RP-1 / L H ~  /LOX 

Data f o r  t h i s  te rnary  propel lan t  combination were obtained f o r  12 
t e s t s  ranging from 110 to  44,000 pounds. 
The l e a s t  squares equation is 

The da ta  a r e  p lo t t ed  i n  FIG 3. 

D = 9.92W 0.340 (Equation 3) 

The s tandard e r r o r  f o r  the exponent i s  0,009, ,and t h a t  f o r  ca lcu la ted  
f i r e b a l l  diameters i s  approximately seven percent .  

The smaller s c a t t e r  noted f c r  t h i s  p a r t i c u l a r  s e t  of data  i s  
largely due to  the use of s imi l a r  configurations for a l l  tests and to  
the small r m g e  of propel lan t  weights t e s t e d .  

N2 04 /UDMf-Hydr a z ine  

Data f o r  26 tests using ‘this propel lant  combination a r e  given i n  
FIG 4 .  The equation of the s t r a i g h t  l ine  i s  

D = 8.86W0*328 (Equation 4) 

The s tandard e r r o r  f o r  the exponent i s  0.035, and t h a t  for ca lcu la ted  
f i r e b a l l  diameters is approximately 25 percent.  

High Explosives 

Data obtained for 14 explosions involving TNT, composition C-4, 
and P e n t o l i t e  a r e  given i n  FIG 5. 

D = 8.50W 

The equation of the l i n e  is 

(Equation 5) 0.341 

The s tandard e r r o r  of the exponent i s  0.026, and t h a t  f o r  ca lcu la ted  
f i r e b a l l  diameter corresponds t o  approximately 50 percent .  
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DISCUSSION 

Inspect ion of the  equat ions f o r  the ind iv idua l  p rope l l an t  combi- 
na t ions  and t h a t  f o r  high explosives  indicated t h a t  they do not  d i f f e r  
s i g n i f i c a n t l y .  Therefore,  the da ta  have been combined i n  FIG 6 .  The 
equation of t he  s t r a i g h t  l i n e  i s  

(Equation 6) 

The s tandard e r r o r  f o r  the  exponent is 0.010. The s tandard e r r o r  f o r  
f i r e b a l l  diameters ca l cu la t ed  w i t h  t h i s  equat ion amounts t o  approxi- 
mately 30 percent .  

Inspect ion of t he  da t a  f a i l s  t o  ind ica te  any marked tendency f o r  
r e s u l t s  f o r  any given p rope l l an t  combination t o  f a l l  c o n s i s t e n t l y  above 
OL below the l i n e .  Thus, i t  appears t h a t  f i r e b a l l  diameters a r e  
subs t a n t i a l l y  independent of t he  pa r t i cu la r  p rope l l an t  combination used. 
Moreover, i i r e b a l l  diameters f o r  propel lant  explosions do n o t  d i f f e r  
s i g n i f i c a n t l y  from thdse f o r  high explosives.  Because of t he  wide 
range of propel lan t  types,  t e s t  and incident conf igura t ions ,  end 
explosive y i e l d s  represented by t he  data,  i t  appears  t h a t  f i r e b a l l  
diameters are determined almost exclusively by the  weight of t he  
combined propel lan ts .  The extreme i n s e n s i t i v i t y  t o  l a r g e  v a r i a t i o n s  
in test condi t ions  suggests  t h a t  firebnl.1 diametsrs  f o r  mul t i s t age  
vehic les  w i l l  be dependent on t o t a l  propel lant  weight f o r  all stages 
unless t h e  explosions f o r  t he  d i f f e r e n t  s t ages  occur a t  t i m e s  which 
d i f f e r  by amounts which are g r e a t e r  than rhe f i r e b a l l  dura t ion  fo r  the  
f i r s t  explosion, i . e . ,  by more than a f e w  seconds. 

The exponent of the  p rope l l an t  weight cerm i n  Equation 6 d i f f e r s  
Therefore,  it from the value of 1/3  by less than one s tandard e r r o r .  

is evident  t h a t  f i r e b a l l  diameters obey t h e  cube r o o t  s c a l i n g  law t h a t  
i s  appl icable  t o  most o ther  explosion paramccers. ' 

Attempts were made t o  p r s d i c t  f i r e b a l l  diameters t h e o r e t i c a l l y  by 
use of thermodynamic da te ,  flammability l imics ,  and a d i a b a t i c  flame 
temperatures. Other temperature values a l s o  were assumed f o r  the 
purposes of these  computations. 
which were necessary,  the  r e s u l t i n g  model was a rough approximation 
and, therefore ,  has no t  been included i n  thLs r e p o r t .  However, 
comparison of the data  with the  r e s u l t s  of the  va r ious  c a l c u l a t i o n s  
together with o ther  cons idera t ions  permitted the  fol lowing inferences:  

In view of  t he  many assumptions 

1. LH2 i s  always completely consumed, u t i l i z i n g  oxygen from the 
air t o  react wi th  any excess  'LH2. 
f i r e b a l l  diameter would be expected f o r  a given weight of LH2 t e s t ed  

In f a c t ,  approximately the  same 
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nione sA.d wi th  LOX presept .  
r e s u l t  f o r  2 s ing le  LH2 tes t  involving approximately 2350 pounds of LH2. 

This  expectation was confirmed by the  

2 .  RP-1 is consumed only p a r t l y  wi th in  the f i r e b a l l .  I n  some 
t e s t s ,  puddles of RP-1 remaining i n  p a r t i a l l y  des t ruc ted  tankage have 
burned f o r  r e l a t i v e l y  long per iods ,  i . e . ,  hours .  

3. As a rough approximation, f j r e b a l l  diameters probably vary  
inve r se ly  wi th  thr? cube r o o t  of the  ambient pressure.. 

The s c a t t e r  of da t a  f o r  f i r e b a l l  dura t ions  was appreciably more 
than f o r  diameters. 
more s e n s i t i v e  t o  phorogruphic va r i ab le s  such a s  framing speed, type of 
f i l m ,  and method of developing. A l s o ,  i t  is d i f f i c u l t  t o  def ine  the  
end of t he  v i s i b l e  f i r e b a l l  i n  an unambiguous manner. For t h i s  reason,  
p l o t s  of  t he  da ta  f o r  the ind iv idua l  propel lan t  combinations have n o t  
been included. However, the  combined r e s u l t s  a r e  given i n  FIG 7 .  The 
equat ion of the s t r a i g h t  l i n e  i s  

This would be expected s ince  the  r e s u l t s  are much 

(Equation 7) 0.349 d = 0.196W 

where d dura t ion ,  seconds. The standard e r r o r  of the  exponent €3 
0.055. The s tandard e r r o r  f o r  f i r e b a l l  Jura t inqs  ca l cu la t ed  wi th  
Equation 7 amounts t o  approximately 84 percent .  
explos ives  ind ica ted  f i r e b a l l  durations appreciably sho r t e r  than those 
f o r  p rope l l an t  explosions and, therefore ,  have no t  been included.  

The data f o r  high 

Inspec t ion  of FIG 7 and Equation 7 i nd ica t e s  t h a t  f i r e b a l l  du ra t ions  
also =re dependent on the cube r o o t  of the  combined weight of p rope l l an t s .  

CONCLUSIONS 

The r e s u l t s  o r  t h i s  i nves t iga t ion  i n d i c a t e  t h a t  f i r e b a l l  diameters 
are determined almost e n t i r e l y  by the cube r o o t  of the t o t a l  p rope l l an t  
weight and by the cube r o o t  of t he  ambient pressure.  Any dependence 
on such v a r i a b l e s  as prope l l an t  type,  explosive y i e l d :  and t e s t  con- 
f i g u r a t i o n  i s  of secondary importance. Even high explosives  y i e l d  
f i r e b a l l s  w i th  diameters approximately equal  t o  those f o r  explos ions  
involving the  same weights of propel lan ts .  Although some scatter of 
the da t a  amounting t o  a s tandard error of approximately 30 percent  
about t h e  b e s t  f i t t i n g  equat ion is evident,  the  s c a t t e r  does no t  appear 
excessZve i n  view of the many sources of e r r o r ,  and i t  appears  un l ike ly  
t h a t  the scat ter  can be reduced by fur ther  i nves t iga t ions  of t h i s  type.  

F i r e b a l l  dura t ions  a l s o  are dependent on the cube r o o t  of pro- 
p e l l a n t  weight.  However, t he  s c a t t e r  of the da ta  is appreciably g r e a t e r ,  
probably due t o  the inf luence  of va r i a t ions  i n  photographic techniques 
used,  
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Data for RP-l/LOX 

I 
Propel lan t  Weight 

300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
200 
200 
200 
200 
200 
200 
2 00 
200 
203 
58 
64 
64 
64 
64 
64 
64 

32 1 
321 
321 
38 
38 
38 

3,400 
3,400 
1,700 

SO, a00 
100,000 
250,000 

APPENDIX 

F:O 

1:3,5 
1:3.5 
1:3.5 
1:2.5 
1:2.5 
1:2.5 
1 ~ 1 . 5  
1:!..5 
1:l .S 
1:2.5 
1:2.5 
1:2.5 
1.:2.5 
1.:2.5 
1.:2.5 
1:2.5 
1:2.5 
1:2.5 
1:2.5 
1:2.5 
1:2.5 
1:2.5 

- 

1:2.25 
1:2.25 
1:2.25 
1 :.2.25 
1 ::2.25 
1 : 2 .25 
1:2.25 
1:2.3 
1:2.3 

F i r e b a l l  Diameter 
f t  

$7  
80 
82 
73 
60 
68 
80 
82 
72 
75 
87 
78 
79 
56 
53 
5 i  
40 
41 
43 
41 
39 
52 
42 
36 
35 
37 
33 
34 
33 
47 
50 
48 
3u 
40 
46 

100 
140 

90 
25 3 
2 00 
4 9G 

- Duration 
sec 

1.90 
1.99 
2.55 
1.70 
2.25 
1.99 
2.50 
2.49 
2.07 
3.22 
3.25 
2 . m  
2.46 
0.89  
0.86 
0.93 
0.88 
0.89 
2 . 2 9  
2.26 
2.07 
1 .01  
1.04 
0.74 
0.59 

0.66 
0.57 
0.91 
0.41 
0.47 
0.29  
0.65s. 05 
0 . 6 5 s .  05 
0 . 6 5 s .  Q5 
7 
6 . 9  
2.7 
2 .8  

- 

11 
;, 5 

6 
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APPENDIX (Continued) 

Data fo r  RP-I/LOX (Continued) 

Propel lal.: Weight Fireball Dtameter Dura t ion  - F:O ft see lh s 

3-50 * 000 
250,000 

194 
250,000 

170 
7.7 

Data f o r  LH2/LOX 

200 
200 
200 
200 
200 
200 
200 
200 
200 
20@ 

3 
100,000 

44 
44 
45 
45 
45 
45 
45 
45 
44 

22rc 
225 
225 

2,350 

1:2.25 710 
1:2.25 935 

50 
1:2.25 450 

18 
33 

- 

1:5 
1:5 
1 :5 
1 :5  
1 :5 
1 :5 
1 :5  
1 : 5  
1 :3 
1:s 

1:5 
1:5 
1:5 
1 :5 
1 :5 
1 :5  
1:5 
1:5 
1:5 
1 :5  
1:5 
1:s 
1:s 
l : o  

31 
50 
73 
60 

68 
60 
42 
50 
22 

3 80 
39 
35 
40 
40 

35 
35 
49 
38 
G l  
63 
65 

2 10 

48 

18 

38 

2.57 
2.75 
2.62 
2.75 

0.57 
2 .01  
1.44 
0.99 
0.50 

1 

0.50 
1.35 
1.31 
1.05 
1.11 
0.9G 

1.13 
1.05 
0.70 
1.37 
1 . 1 2  
1.20 
2.6 

0.90 , 

7 



APPENDIX (Continued) 

Data f o r  RP-l/LH2!LOX 

P r o p e l l a n t  Wsight - I& r d  
I i o  
110 
109 
110 
109 
1 1 G  
110 
529 
530 
530 

4 3 ,  LOG 
43,840 

2.6  :1 :I1 
2.6 :1:11 
2.6 :1:11 
2.6 :1:11 
2.6 :1:11 
2.6 :1:11 
2.6 :I :11 
2.6 :1:11 
2.6 :1:11 
2.6 :1:11 
2 . 6 : l : l l  
2.6 :1 :I1 

Data for N204/UDMH-Hydrazine 

3GO 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 

14,000 
30,000 

300 
1,300 

200 
200 
200 
200 
200 
200 
200 
200 

1,000 
1,000 

1:3 
1 :3 
1 :3 
1 :2  
1 :2 
1:2 
1:l 
1:l 
L : l  
1:2 
1:2 
1 :2 

F i r e b a l l  Diamet.er 
-- ft 

51 
52 
49 
50 
49 
50 
52 
71 
79 
80 

3 90 
3 86 

59 
5 5  
66 
67 
5.8 
62 
80 
74 
70 
53 
5 1  
55 

150 
2 8U 

64 
150 
34 
45 
37 
65 
36 
45 
50 
50 
65 
90 

Dur3 t ion 
sec 

0.72 
0.72 
0.71 
0.79 
0.47 
0.62 
0.77 
0.70 
0.73 
1.08 
5.52 
9.38 

- 

0.50 
1.15 
1 .78  
0.80 
1.97 
2.20 
2 . 2 9  
2.02 
2.87 
2 . 7 3  
3.68 
4.20 

- 
10 
0 . 9  
0.5 
0 .7  
0 . 8  
1.22 
0 . 5  
0.6 
0.73 
2 . 6 4  
0.7 



APPENDIX (Concluded) 

I Data for High Explosives 

Propellant Weight 
lbs 

* 2.5 
10 
50 
50 
50 
SO 
50 
100 
18 
105 

1,000,000 
1,000,000 

1 
8 

40,003 

Fireball Diameter Dura t i o n  
f t  see 

10 
19 
45 
47 
47 
47 
37 

’ 50 
30 
40 

840 
870 

4 
8 

210 

0.12 
0 .33  

0.23 
0.23 

1 
1 

9 

, 
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